COUPLING  POWER  FLOW  FROM  THE  MERCURY  MIVA 
INTO  A  ROD-PINCH  DIODE  * 

J.W.  Schumera,  R.J.  Allen,  R.J.  Commisso,  and  P.F.  Ottinger 

Plasma  Physics  Division,  Naval  Research  Laboratory,  Washington,  DC  20375 


Abstract 

The  Mercury  machine  at  NRL,  formerly  known  as 
KALIF-HELIA  [1]  at  Forschungszentrum  Karlsruhe 
(Germany),  is  a  magnetically-insulated  inductive  voltage 
adder  (MIVA),  nominally  delivering  a  50-ns,  6-MV, 
360-kA,  2.2-TW  power  pulse  into  a  16-Q  load  [2,3,4]. 
Mercury  is  capable  of  operating  in  both  positive  and 
negative  polarities  with  little  penalty  in  pulsed-power 
output.  Polarity  reversal  is  achieved  by  insertion  of  the 
tapered  center  conductor  into  the  opposite  end  of  the 
MIVA.  In  this  work,  particle-in-cell  (PIC)  simulations 
[5,6]  are  used  to  investigate  the  power  flow  within  the 
magnetically-insulated  transmission  line  (MITL)  in  both 
polarities.  Of  particular  importance  is  the  efficiency  of 
operation  when  an  over-matched  50 -Q  rod-pinch-diode 
load  is  couple  to  the  MITL,  operated  in  either  positive 
[7]  or  negative  [8]  polarity.  Such  a  diode  is  used  for 
radiographic  applications  because  of  the  small,  high 
brightness  radiation  source  produced  by  the  electron 
pinch  at  the  end  of  the  diode’s  anode  rod  [9].  Simple 
positive  and  negative  polarity  diode  geometries  are 
studied  in  preparation  for  initial  rod-pinch  diode 
experiments  on  Mercury. 


I.  INTRODUCTION 

Mercury  is  a  50-ns,  6-MV,  360-kA  accelerator  with  a 
magnetically-insulated  inductive-voltage-adder  (MIVA) 
architecture,  and  can  be  operated  in  either  positive  or 
negative  polarity  [1,2].  Because  voltage  is  added  in 
vacuum  along  a  magnetically-insulated  transmission  line 
(MITL)  from  six  voltage  adder  cells,  understanding 
electrical  power  flow  and  subsequent  coupling  to  various 
loads  requires  the  application  of  circuit  modeling  [3] 
utilizing  MITL  theory  [4],  both  supported  by  numerical 
simulations.  In  this  work,  MAGIC  [5]  and  LSP  [6] 
particle-in-cell  (PIC)  simulations  are  performed  to 
investigate  the  electron  power-flow  within  the  MITL, 
driven  by  the  Mercury  MIVA  in  both  positive  and 
negative  polarities  (see  Figure  1).  One  goal  is  to  provide 
insight  into  the  development  of  appropriate,  physics- 
based  MITL  circuit-element  models  for  the  NRL 
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Figure  1.  Schematic  of  MITL  flow  in  negative  (-)  and 
positive  (+)  polarity. 

transmission  line  code  BERTHA  [10]  by  properly 
treating  power  flow  and  load  coupling  in  the  vacuum 
section  of  Mercury.  Another  is  to  understand  how  to 
shed  MITL  current  and  design  more  efficient  diode 
loads. 

The  fundamental  understanding  of  MITL  flow  is 
derived  from  a  pressure  balance  argument  when  space 
charge  limited  (SCL)  emission  occurs  at  the  cathode  [4]. 
This  assumption  of  SCL  emission  implies  that  the 
cathode  is  tumed-on  and  that  there  is  sufficient  space 
charge  in  the  gap  to  drive  the  electric  field  to  zero  at  the 
cathode  surface.  The  model  allows  for  the  possibility  of 
additional  electron  emission  at  any  point  along  the  MITL 
if  there  is  not  enough  space  charge  in  the  gap  or, 
conversely,  electron  current  loss  to  the  anode  or  re¬ 
trapping  to  the  cathode  if  there  is  too  much  space  charge 
in  the  gap.  The  electrons  are  emitted  from  the  cathode 
with  zero  energy  (and,  hence,  at  zero  pressure),  and  the 
electron  pressure  at  the  anode  is  negligible  compared  to 
the  electromagnetic  field  pressure.  No  ion  emission 
from  the  MITL  anode  is  allowed. 

The  general  form  for  the  flow  impedance  Zf  is 


where  V  is  the  voltage  across  the  anode-cathode  gap  in 
the  MITL,  Ia  is  the  current  flowing  in  the  anode,  Ic  is  the 
current  flowing  in  the  cathode,  and  Ia  -  Ic  is  the  current 
flowing  in  the  vacuum  as  an  electron  flow  layer.  This 
definition  for  Zf  is  independent  of  the  distribution  of 
space  charge  in  the  AK  gap.  For  the  case  where  the 
space  charge  density  is  uniform  across  the  sheath, 
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where  m  and  e  are  the  mass  and  charge  of  an  electron 
and  c  is  the  speed  of  light.  The  last  term  is  the  space 
charge  correction.  This  voltage  formula  agrees  with 
measurements  in  PIC  simulations  to  within  3%  in 
negative  polarity  and  to  within  30%  in  positive  polarity. 
Polarity  dependence  of  the  electron  flow  is  discussed 
further  below. 


II.  OPEN-CIRCUIT  LOAD  DRIVEN  IN 
NEGATIVE  OR  POSITIVE  POLARITY 


Numerical  simulations  of  the  Mercury  MIVA  were 
performed  using  LSP  [6]  in  2D  cylindrical  geometry. 
The  inner  and  outer  radii  of  the  MITL  are  identical  to 
those  on  the  machine;  however,  the  detailed  geometry  of 
the  six  radial  feed-gaps  was  ignored  in  this  analysis.  In 
Table  1,  the  radii  immediately  downstream  of  each  cell 
and  the  respective  vacuum  impedances  of  these  sections 
are  listed. 

Table  1.  Summary  of  vacuum  and  flow  impedances,  just 
downstream  of  each  adder  section.  The  respective  inner 
and  outer  radii  for  each  section  are  also  listed.  Three 
different  flow  impedances  were  obtained  for  the  three 
different  self-limited  simulations  for  (a)  negative  polarity, 
(b)  negative  polarity  with  cell-emission,  and  (c)  positive 
polarity. 


Trapezoidal  voltage  waveforms  rising  to  1 .0  MV  with 
a  40-ns  FWHM  were  applied  to  each  radial  feed-gap. 
Note  that  this  does  not  represent  Mercury  at  full  power. 
To  provide  speed-of-light  synchronization  between  the 
feed-gaps,  a  2-ns  differential  timing  was  used  (i.e.  there 
is  a  2  ns  delay  between  the  inputs  of  the  adjacent  feed- 
gaps). 

Electron  emission  in  the  simulations  is  initiated  when 
the  electric  field  exceeds  250  kV/cm  and  it  is  controlled 
by  a  standard  space-charge-limiting  model,  maintaining 
a  zero  normal  electric  field  on  the  surface.  No  ions  were 
permitted  in  these  simulations.  In  these  simulations, 
“polarity”  refers  to  the  relative  potential  of  the  center 
conductor  with  respect  to  ground,  or  outer  conductor. 

In  Fig.  2,  electron  positions  within  the  MIVA  at  t  =  50 
ns  are  shown  for  three  different  simulations  with  an 
open-circuit  load:  (a)  negative  polarity,  (b)  negative 
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Figure  2.  Snapshot  of  self-limited  electron  powerflow 
in  Mercury  MIVA  with  an  open-circuit  load,  for  three 
cases:  (a)  negative  polarity,  (b)  negative  polarity 
allowing  for  electron-emission  from  the  cells,  and  (c) 
positive  polarity. 


polarity  with  electron  emission  from  the  cell  adder 
sections,  and  (c)  positive  polarity.  One  should  note  two 
important  points.  First,  with  an  open-circuit  diode  load, 
these  cases  represent  the  highest  voltage  operation 
expected  with  the  current  center  conductor  geometry. 
Second,  allowing  of  cell-emission  in  negative  polarity 
results  in  layered  flow,  which  is  both  expected  and  seen 
in  positive  polarity.  This  layered  flow  lowers  the  flow 
impedance  by  distributing  the  space  charge  across  the 
vacuum  gap.  In  addition,  electrons  in  each  layer  have 
different  energies.  The  respective  flow  impedances  for 
each  of  these  simulations  are  listed  in  Table  1.  Note,  the 
flow  impedances  are  significantly  lower  than  the  vacuum 
impedance  due  to  flow  current,  and  the  increased  flow 
current  seen  in  positive  polarity  simulations  results  in  an 
undermatched  MITL  with  respect  to  the  effective 
machine  impedance  of  20.4  Q  [3]. 

For  this  reduced-power,  self-limited  flow  case  in 
negative  polarity  with  no  cell  emission,  the  Mercury 
MIVA  runs  at  5.5  MV  and  250  kA.  In  positive  polarity, 
the  line  runs  at  5.3  MV  and  310  kA.  The  addition  of 
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Figure  3.  Positive  polarity  rod-pinch  simulation  results 
at  50  ns,  showing  current-enclosed  contours  (top)  and 
electron  positions  (bottom).  Each  contour  represents  25 
kA  of  current  flowing. 


0  .  . 
475 

480 

485 

z  (cm) 

490 

495 

1 

' 

■  ■  J  ■  ] 

S  io 


z  (cm) 

Figure  4.  Negative  polarity  rod-pinch  simulation  results 
at  50  ns,  showing  current-enclosed  contours  (top)  and 
electron  positions  (bottom).  Each  contour  represents  25 
kA  of  current  flowing. 


cell-emission  in  negative  polarity  increases  the  total 
current  by  about  5  kA.  Thus,  the  self-limited  flow 
impedance  is  polarity-dependent,  and  may  depend  on 
how  the  flow  is  established. 


III.  ROD-PINCH  DIODE  FOR  MERCURY 


r A  =  1  cm,  which  is  much  larger  than  that  typically  used 
in  radiography  experiments  [7,9].  Because  the 
impedance  is  determined  solely  by  the  anode-to-cathode 
ratio  in  Eq.  (3),  rc  =  2  cm  yields  a  19  Q  impedance 
between  V  =  5  -  6  MV.  This  diode  geometry  is  used  in 
the  simulations  described  below  in  order  to  gain 
experience  with  coupling  a  diode  with  Mercury. 


In  order  to  design  a  rod-pinch  diode  suitable  for  the 
front-end  of  Mercury,  one  must  decide  whether  to  use  all 
of  the  current  of  the  machine  (Zrp  ~  20  Q)  or  opt  for  a 
more  standard  [7],  albeit  higher- impedance  rod-pinch 
diode  (Zrp  ~  40-60  Q),  where  Zrp  is  the  rod-pinch-diode 
impedance.  In  this  work,  we  limit  the  scope  to  simply 
attempting  to  design  a  low-impedance  rod-pinch  diode  in 
the  hope  of  capturing  all  of  the  flow  current  into  the 
diode. 

The  rod-pinch  diode  classically  operates  in  the 
magnetically  limited  regime,  with  impedance  given  by 


Zrp  — 

a 


P"in 

f  r  ^ 

lC 

iIy+i 

UJ 

(3) 


where  a  ~  2.  For  numerical  efficacy  in  this  initial 
simulation  series,  the  anode  rod  radius  was  chosen  to  be 


A.  Positive  Polarity  Rod-Pinch  Diode 

Current-enclosed  contours  and  electron  positions  at  t  = 
50  ns  from  a  simulation  of  a  positive-polarity  rod-pinch 
driven  by  the  Mercury  MIVA  are  shown  in  Fig.  3.  In 
this  simulation,  the  23-cm-diameter  center  conductor  is 
truncated  abruptly  at  460  cm,  and  a  20-cm  long,  2-cm 
diameter  anode  rod  is  attached.  The  cathode  extends 
downward  radially  from  the  outer  conductor,  thereby 
forming  the  rod-pinch  diode.  Proton-emission  was 
allowed  along  the  anode  rod  between  475  <  z[cm]  <480. 
The  current-contours  show  that  about  187  kA  is  running 
through  the  diode.  About  63  kA  of  the  flow  current  is 
lost  upstream  of  the  diode  along  the  rod  length,  as  shown 
in  the  electron  plots  and  about  60  kA  is  lost  to  the  anode 
upstream  of  the  abrupt  radial  transition  of  the  anode  at  z 
=  460  cm.  The  machine  voltage  and  current  at  50  ns  is  5 
MV  and  310  kA,  giving  an  effective  total  load 
impedance  of  16  Q. 


839 


B.  Negative  Polarity  Rod-Pinch  Diode 

Current-enclosed  contours  and  electron  positions  from 
a  simulation  of  a  negative-polarity  rod-pinch  driven  by 
the  Mercury  MIVA  are  shown  in  Fig.  4.  In  this 
simulation,  the  23-cm-diameter  center  conductor  is 
truncated  abruptly  at  485  cm  and  extended  radially 
downward  to  serve  as  the  cathode.  A  12-cm-long,  2-cm- 
diameter  anode  rod  is  attached  to  the  outer  conductor  at 
the  axis  of  the  machine  and  extended  through  a  cathode 
hole,  thereby  forming  the  rod-pinch  diode.  Proton- 
emission  was  allowed  along  the  anode  rod  between  482 
<  z[cm]  <  495.  Only  about  100  kA  flows  into  the  rod- 
pinch  diode,  with  about  280  kA  being  lost  to  the  end- 
plate  of  the  machine  (see  Fig.  4).  The  machine 
impedance  collapsed  after  40  ns  as  the  voltage  dropped 
from  4  MV  to  1  MV  and  the  current  rose  from  200  kA  to 
380  kA.  At  50  ns,  the  effective  total  load  impedance 
was  just  2.6  Q.  It  is  conjectured  that  the  rod-pinch  diode 
severely  loads  down  the  machine  due  to  the  large  ion- 
emission  surface  along  the  12-cm-long  anode  rod.  In 
this  geometry,  the  rod-pinch  diode  does  not  initially 
draw  enough  current  to  fully-insulate  the  MITL  flow  and 
prevent  electron  bombardment  along  the  full  length  of 
the  rod,  subsequently  leading  to  large  regions  of  ion 
turn-on. 

Note  in  these  initial  simulations,  to  assure  the  rod- 
pinch  quickly  transitioned  into  the  magnetically  limited 
phase,  the  anode  rod  initiated  the  emission  of  ions 
(protons)  after  exceeding  a  very  low  ion  turn-on 
threshold.  Further  design  studies  of  negative  polarity 
rod-pinch  diodes  should  use  a  more  physically  realistic 
ion  turn-on  threshold  to  prevent  anomalously  large  ion 
currents. 


IV.  SUMMARY 

PIC  simulations  of  the  electron  power  flow  in  the 
Mercury  MIVA  have  been  performed  to  investigate  the 
electron  power  flow  within  the  MITL,  driven  by  the 
Mercury  MIVA  in  both  positive  and  negative  polarities. 
Reduced-power  simulations  of  the  MIVA  driving  an 
open-circuit  load  demonstrate  self-limited  flow  in 
positive  polarity  at  5.3  MV,  310  kA,  with  an  18-Q  flow 
impedance;  conversely,  the  same  load  in  negative 
polarity  runs  at  5.5  MV,  250  kA,  with  a  26-Q  flow 
impedance. 

Low-impedance  rod-pinch  diode  designs  intended  to 
couple  all  of  the  current  from  the  Mercury  MIVA  were 
somewhat  successful.  In  positive  polarity,  almost  200 
kA  at  5  MV  was  deposited  into  the  anode  rod.  However, 
in  negative  polarity,  excessive  ion  emission  pulled  down 
the  impedance  of  the  machine  and  severely 
undermatched  the  rod-pinch  diode  to  the  MIVA. 

In  both  cases,  the  electron  flow  current  that  remained 
decoupled  from  the  rod-pinch  diode  hit  anode  surfaces  at 
large  radii;  these  extraneous  flows  need  to  be  controlled 


in  order  to  field  a  diode  for  radiographic  purposes. 
Novel  designs  [8]  for  the  rod-pinch  in  negative  polarity 
may  be  required.  Alternatively,  unique  designs  that 
benignly  shed  excess  current  (in  the  form  of  a  parallel 
load)  or  bifurcate  the  front-end  into  several  parallel  rod- 
pinch  diodes  may  be  utilized. 
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